Abstract. We present experimental results of the dynamics in a semiconductor laser operating on several longitudinal modes subject to external feedback. Both low-frequency fluctuations (LFFs) and locked states are studied through observing the outputs from the dominant mode, all modes except the dominant mode, and all modes. Synchronized dropout events of LFFs are observed among each of the solitary modes while energy competition and trading occurs among these modes when the total output exhibits the locked state.
The nonlinear dynamical behaviours of semiconductor lasers subject to optical feedback have been widely studied experimentally and theoretically in recent years. Experiments revealed that weak or strong feedback can be used to give narrow linewidth operation, while moderate feedback dramatically increases the linewidth [1] and the laser may experience low-frequency fluctuations (LFFs) [2] , coherence collapse [3] or a locked state [4] , where the lowfrequency dynamics become periodic and the dropouts are locked to a fixed period. The most widely used model for the moderate feedback regime is the Lang-Kobayashi equations [5] , which describe dynamical behaviour for single-longitudinal-mode operation. These equations give qualitatively good agreement for multi-longitudinal-mode lasers. However, the widespread use of the single-mode equations to describe multi-mode lasers has recently been questioned. Huyet et al [6] presented experimental findings where longitudinal modes were isolated. The fast dynamics of isolated modes were studied by Vaschenko et al [8] , who found out-of-phase pulsations with phase locking just before a dropout. Very recently, Huyet et al [7] presented further experimental studies of LFFs and found that the fast oscillations in individual modes would sum in antiphase and be masked by integration in the total output. Hegarty et al [9] have explained the competition between multiple solitary modes by analogy with the turn-on transient of a semiconductor laser. This paper presents our experimental results of spectrum-resolved dynamical behaviour from individual § Corresponding author.
longitudinal modes (hereafter referred to simply as modes of a solitary laser) of a multi-mode external cavity semiconductor laser (ECSL) undergoing LFFs and locked periodic motion. These results are compared with the total output from the combined modes, which provides insight into the interdependent dynamics of the various modes. We find that the power dropouts of each mode take place simultaneously, as in [6] . Immediately after a dropout, all longitudinal modes grow in energy. In the case of an LFF, the side modes then gradually decrease in energy while the dominant mode continues to increase. This feature differs from what was reported in [6] , in which Huyet et al claimed that all modes would behave as the dominant mode but did not present experimental results confirming this. For the locked periodic state we observed in these experiments for normal mirror alignment, the modes slowly exchange energy, with different modes being in turn the brightest. We also study how the underlying fast dynamics combine in both the LFF and the locked periodic states, for which the smooth spikes occurring every round trip for a selected longitudinal mode will, when combined in the total output, produce faster pulsations, in contrast to the results of Huyet et al [7] for the LFF.
The experimental setup is shown in figure 1 . The ECSL comprises a Toshiba TOLD 9140 20 mW laser diode operated at λ = 693 nm (solitary laser threshold = 39.6 mA) and at 25.0
• C. The external cavity is formed by a single mirror (transmission T = 40%) situated at 82 cm from the front facet of the solitary laser. With this setup the power feedback fraction ([(I th0 − I th )/2I th0 ] [10] where I th and I th0 are the threshold currents of the external cavity and solitary laser for one channel or 2 gigasamples s −1 for two channels. With the grating, around 30 longitudinal modes were visible during LFF or locked periodic state operation. Usually, three or four modes were visibly brighter than their surrounding modes with a tailing off in brightness away from the central modes. The brightest mode, here referred to as the dominant mode, was usually near the centre of the range of modes. The mode separation was measured with a FabryPérot interferometer to be 126 ± 19 GHz.
By slightly adjusting the position of the mirror to vary the amount of feedback, coexistence between stable emission and the locked state or LFF emission was observed for a large range of pump currents for this fixed feedback level. To our knowledge, this is the first experimental evidence of the coexistence between steady state and locked periodic motion. We note that coexistence between stable emission and LFF has been reported recently by Heil et al [11] . The LFF and the locked periodic state were observed to occur when there was more than one solitary mode in operation, while under a true single-solitary-mode condition the output was steady. However, such steady operation could not be sustained; it only occurred when the system occasionally switched, for the same current and feedback settings. The time that the system remained steady and single mode was variable, and always very long (µs to s) compared with the characteristic time between dropouts of the LFFs. For settings where the system was steady for a few seconds, a mean power reading was taken. The dynamical behaviours observed, together with the solitary laser state, are summarized in figure 2, which includes steady states, the LFF and the locked periodic states. We can see that, with external feedback, the LFF and locked periodic state induced a 'kink' [10] in the input-output curve around the solitary laser threshold, because the dynamic instability reduced the mean power of the laser due to dropouts. Above the kink, the mean power scaled with current again. Unlike the dynamic states, the steady state output power continued to increase with the pump current close to the solitary laser threshold, forming a bistable operation between the steady state and LFF or locked periodic motion. Previous work by Heil et al [11] has identified that in the steady state, the laser operates at the high-gain external cavity mode, producing steady output with a reduced linewidth. Further, in our experiments, we observed the steady single-mode operation to occur on the dominant mode as discussed above.
A further result is that of synchronized dropouts among the individual modes when the ECSL operated in the LFF regions [6] . Figures 3(a) and (b) show simultaneous recordings of the dominant mode behaviour and the total laser output at a pump current of 40.4 mA with the 0-250 MHz detectors. Synchronization of dropout events is obvious. The observations plotted in figures 3(c) and (d) further confirm the synchronization phenomenon, in which trace (c) shows all modes except the dominant mode and trace (d) illustrates the total output. These results indicate that not only does the dominant mode and/or all modes except the dominant mode synchronize with the total output, but also all longitudinal modes must synchronize with each other to give a collective LFF in traces (b) and (d) of figure 3. From these experimental observations, we can see that the dominant mode plays a central role in generating the synchronized dropouts, that is, a dropout in the dominant mode triggers corresponding dropouts in all the other modes. In order to understand why the dominant mode determines the global dropout, let us examine the dynamical behaviours shown in figures 3(a) and (c). During an LFF event, the dominant mode power monotonically increases until a dropout occurs while that of the total output reaches a plateau. This indicates that the other modes must be decreasing in power in deference to the dominant mode. This is indeed true, as seen in figure 3(c) , in which the other modes initially increase in power but then begin to decrease when the total output reaches its plateau in favour of the dominant mode. The monotonic growth of power in the dominant mode is thus at the expense of the side modes. This feature can be further understood with the help of the Sysiphus picture [12, 13] , in which the eventual dropout is more likely to take place in this dominant mode prior to the side modes because it moves closer to antimodes due to its higher power.
In the case of the locked periodic state [4] , the dominant mode behaves in the same way as in LFFs, monotonically increasing between dropouts. However, unlike LFFs, the other modes do not decay in power but behave similarly to the dominant mode so that the resultant total output is also similar to that of the dominant mode. It is also observed that the range of modes is brighter in the locked periodic state case, reflecting their increased contribution. During the locked periodic state, the amplitude of oscillation of the dominant longitudinal mode is not constant, there is a slow 'trading' of energy between the modes. However, the amplitude of oscillation of the total output is constant. This is seen in the representative traces of figures 4(a)-(c) . The upper trace shows the dominant (brightest) mode, the middle trace the two brightest modes and the lower trace the total signal from all modes. These three traces were taken at different times, but under the same experimental conditions. The laseroff states are also shown in figures 4(a)-(c), obtained by blocking the laser signal, which indicates that the noise level is quite small. Further, as seen from the traces of figure 4 , the modulation depth of the dominant mode locked periodic states seen by a 250 MHz detector does not reach zero; for the lower trace, the full modulation amplitude is of the order of half the maximum signal for the locked periodic state. As each mode is added, the modulation depth decreases and the offset increases. This is partly due to resolution limitations.
With fast-data-acquisition-rate detection (1.2 GHz detector, 4 gigasamples s −1 ), time resolved recordings for the locked periodic state showed that the underlying fast dynamics in the outputs of individual longitudinal modes comprised of pulses spaced at the external cavity round-trip time, while the total output from all modes comprised of denser pulse structures. In our experiment, we were not able to resolve such fine structure, but previous work has shown that these fast pulsations are of the order of tens to hundreds of picoseconds [8, 14] . The longitudinal modes were locked but slightly displaced in phase. Our findings indicate that the fast dynamics in the nanosecond or shorter timescale (limited by 350 ps) observed in the total output arises from a superposition of the fast dynamics of all individual solitary modes, which are displaced in phase from each other. This is clearly illustrated in figure 5 , which shows the dominant mode (trace (a)), the two brightest modes (trace (b)) and the total output (trace (c)). As for the recording in figure 4 , the three traces were again non-synchronous recordings. As seen from figure 5(a), the dynamics in the dominant mode has a much greater amplitude, dropping close to the dropout level. The two-mode recording (two brightest modes) in trace (b) shows the same cavity round-trip spacing between pulses. Note that trace (b) has an increasing amount of fine structure by comparison with that in trace (a), indicating the out-ofphase combination between these two modes. One can expect that with contributions from further modes the fine structure will increase, leading to that shown in trace (c) for all modes.
In conclusion, our experimental observations of individual longitudinal modes of a multi-mode external cavity semiconductor laser (ECSL) provide new insight into their dynamics. In particular, (i) there are co-existing dynamics between steady state and time-dependent motion over the pump region ranging from the external cavity laser threshold to the 'kink' point. The former was observed to take place whenever the laser operated in a true single solitary mode while the latter, either LFF or locked periodic state, was observed in the case of multi-mode operation. (ii) When the laser experiences LFF, the dropouts of individual modes take place synchronously; the dominant mode plays a central role in synchronizing the other modes. In other words, the dominant mode triggers the dropouts of other modes. Recovery of the total power is faster than that in each side mode and a plateau is quickly reached, during which the energy in the dominant mode continuously grows while the energy in the other modes first increases and then decreases in the plateau region of the total output. (iii) In the locked state regime, the individual longitudinal modes give slow dynamics at the external cavity round-trip time but the total output shows fast oscillations on the timescale shorter than nanoseconds: the latter results from the combined effect of all the individual solitary modes.
